We develop a preliminary design optimization procedure in this paper regarding the wing planform in a solar-powered highaltitude long-endurance unmanned aerial vehicle. A high-aspect-ratio wing has been widely adopted in this type of a vehicle, due to both the high lift-to-drag ratio and lightweight design. In the preliminary design, its characteristics need to be addressed correctly, and analyzed in an appropriate manner. In this paper, we use the three-dimensional Euler equation to analyze the wing aerodynamics. We also use an advanced structural modeling approach based on a geometrically exact one-dimensional beam analysis. Regarding the structural integrity of the wing, we determine detailed configuration parameters, specifically the taper ratio and the span length. Next, we conduct a multi-objective optimization scheme based on the response surface method, using the present baseline configuration. We consider the structural integrity as one of the constraints. We reduce the wing weight by approximately 25.3 % from that in the baseline configuration, and also decrease the power required approximately 3.4 %. We confirm that the optimized wing has sufficient flutter margin and improved static longitudinal/ directional stability characteristics, as compared to those of the baseline configuration. A preliminary design optimization procedure was developed in this paper regarding the wing planform in a solar-powered high-altitude long-endurance unmanned aerial vehicle. Due to both a high lift-to-drag ratio and a lightweight design, a high-aspect-ratio wing has been widely adopted in this type of a vehicle. Its characteristics need to be addressed correctly and analyzed in an appropriate manner in the preliminary design. In this paper, the three-dimensional Euler equation was used to analyze the wing aerodynamics. An advanced structural modeling approach based on a geometrically exact one-dimensional beam analysis was also used. Regarding the structural integrity of the wing, detailed configuration parameters were determined, specifically the taper ratio and the span length. Next, a multi-objective optimization scheme based on the response surface method was conducted using the present baseline configuration. The structural integrity was considered as one of the constraints. 
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Introduction
Unmanned aerial vehicles (UAVs) are defined as powered aerial vehicles that do not carry a human operator. They can fly autonomously, or be piloted remotely. The Predator and the Global Hawk are two well-known military UAVs that are currently in operation. During the past 30 years, there has been a significant amount of effort to design and build a UAV that relies on reusable energy. The success of Sunrise I showed that a UAV could be powered by solar energy for high-altitude long-endurance (HALE) missions. Recent solar-powered HALE UAVs, specifically Pathfinder, Centurion, and Helios, have been developed by AeroVironment Inc., with assistance from NASA. Two challenging aspects pertaining to the HALE UAV are determinations of its ceiling altitude and endurance time. Pathfinder was capable of climbing to a maximum altitude of 50,000 ft. Helios was capable of reaching approximately 96,863 ft, which is the current world record. The Helios development program came to a halt, when one such UAV encountered extremely high winds during flight, in 2003. That caused excessive natural dihedral, and resulted in a catastrophic crash into the Pacific Ocean [1] . Zephyr, manufactured by QinetiQ, established a world record for the longest endurance, at 14 days and 21 minutes, in 2010 [2] . However, special efforts to design such aircraft are still needed,. The challenge is to design and build a safe, reliable, and efficient solar-powered aircraft, so that disasters such as the Helios mishap do not occur.
UAVs can be classified according to several performance characteristics or specifications, in particular weight, endurance, range, maximum altitude, and wing loading. For example, Global Hawk is categorized as belonging to the super-heavy weight class, and features long-endurance, high-altitude, and high wing-loading capabilities. On the other hand, most solar-powered HALE UAVs are classified as belonging to lightweight classes with low wing loadings, but they are still capable of reaching high altitudes, and operating for long times. Here, 'high altitude' signifies that a UAV can climb to 30,000 ft. 'Long endurance' UAVs can be airborne for 24 hours or more. UAVs with a 'low wing loading' have a wing loading of less than 3.12 lb/ft 3 (50 kg/m 3 ).
High-aspect-ratio wings have been widely adopted in long-endurance UAVs, due to both the high lift-to-drag ratio and the light weight. Compared to the wings of conventional fixed-wing aircraft, these types of wings are fairly flexible. In high-aspect-ratio wings, a significant amount of the structural deformation induced from aerodynamic loads will influence the surrounding air particle flow. However, the aerodynamic loads will then be influenced by the structural deformation. Hence in a high-aspect-ratio wing, the interaction between the aerodynamic and structural factors is prevalent. In addition, wing planform design variables, such as the taper ratio and span length, have a significant influence on the aerodynamic performance and weight of an aircraft. Finally, the aeroelastic characteristics of an aircraft with a low wing loading and a flexible high-aspect-ratio wing will differ from those of a conventional wing.
Therefore in the preliminary design stage, the characteristics of solar-powered-HALE (S-HALE) UAVs need to be addressed correctly, and analyzed in an appropriate manner. In the preliminary design stage, the overall system configuration will be defined and modified to satisfy the design requirements. With the results from the preliminary design, a more detailed design will be initiated.
The aircraft design community has recently become heavily dependent upon computational fluid dynamics (CFD) and computational structural mechanics (CSM) analyses, to replace traditional approaches based on simplified theories and wind tunnel tests. Martins demonstrated a new integrated aerodynamic structural design method for aerospace vehicles [3] . They employed high-fidelity models for both aerodynamic and structural disciplines, and used a high-fidelity interaction procedure. However, the object aircraft was a supersonic business jet, which was heavy, and used a low-aspect-ratio wing.
http://ijass.org Moreover, the interaction between aerodynamic and structural factors was not considered. In order to improve the aerodynamic performance and reduce the structural weight for a high-aspect-ratio wing, Long et al. carried out a fluid-structure interaction optimization [4] . Although highfidelity CFD and CSD were used, aeroelastic considerations were not included for the relevant heavy wing. Therefore, it is likely that these would be inappropriate for use with an S-HALE UAV.
Rajagopal et al. [5, 6] formulated a preliminary wing design for a low-speed, long-endurance UAV as a two-step optimization problem. Their first step included a singleobjective aerodynamic optimization process, and the second step involved interactive dual-objective aerodynamic and structural optimization. They included a detailed airfoil optimization scheme in their preliminary wing design, and conducted an XFLR5 panel method analysis. However, they considered the span length only as a wing planform design variable. They conducted a structural analysis using MSC-NASTRAN. Cestino [7] developed a computer program to carry out a parametric study of the S-HALE UAV platform design. He developed a blended wing body configuration as a result of this parametric study; however, he did not include the nonlinear characteristics due to the high-aspect-ratio structure, and only considered the traditional bendingtorsion flutter in his aeroelastic analysis. In high-aspectratio wings, the potential for single-bending-degree-offreedom flutter is high, and thus needs to be investigated. Previous studies did not consider the interaction between aerodynamic and structural factors and wing planform design variables. If a high-aspect-ratio wing features natural dihedral due to its high lift, its aerodynamic performance and the internal forces/moments acting on the structure will differ. Wing planform design variables have a significant amount of influence on the aerodynamic performance, and the structural integrity may be satisfied by evolution of the design variables. Therefore, preliminary aircraft design optimization processes require wing planform design variables, and an accounting of the interaction between the aerodynamic and structural factors.
The response surface methodology has been widely used to handle various aeromechanical design optimization problems [8] [9] [10] [11] . The response surface methodology provides a way to relieve the burden in the integration of large computer programs, by converting it into constructing approximations. The response surface method is used to decouple the analysis and the optimization. This paper develops a preliminary design optimization procedure regarding the wing planform in an S-HALE UAV, using both high-fidelity aerodynamic and structural analyses. The present optimization procedure will be useful for designing a high-aspect-ratio wing with low wing loading adopted in a lightweight S-HALE UAV, as part of its preliminary design. We use the three-dimensional Euler equation to analyze the wing aerodynamics. We correct drag with the empirical equations, and use an advanced structural modeling approach based on a geometrically exact one-dimensional beam analysis. In addition, we assess the direct interaction between the aerodynamic load and structural deformation.
Considering the structural integrity of the wing, we consider and determine detailed configuration parameters, specifically the composite ply angle, the number of the plies used, and the locations of the spars. We do not perform detailed cross-sectional design optimization, to avoid the associated high computational cost. Moreover, if the detailed cross-sectional design variables are considered in the optimization, the objective function will be highly nonlinear. Next, using the present baseline wing, we conduct a multiobjective optimization scheme based on the response surface method. The use of the response surface method in the present design optimization process serves to reduce the analysis cost. Given that one of the important requirements for current S-HALE UAVs is long-term endurance, the first objective is performance enhancement at high altitude. Also, achieving the minimum structural weight is another requirement for general aircraft designers. Hence, we consider minimization of the wing weight as an additional objective. In the present optimization, we select the taper ratio and the span length, which govern the aerodynamic performance, and the weight of the wing, as the primary design variables. The volume of certain subsystems, such as payload and equipment subsystems, usually determines fuselage sizing and design. Therefore, the only object to be optimized in the present paper is the wing. We consider the structural integrity as a constraint, and use ZAERO software to conduct the aeroelastic stability analysis of the wing [12] . Finally, we also conduct a brief investigation of the aircraft flight dynamic stability.
Optimization Procedure and Analysis Model
We select the wing configuration of the Zephyr aircraft as the baseline for the present optimization. We obtain this by optimization, based on the energy balancing technique [13] . During the day, this aircraft is required to climb to 23.62 km, in order to convert its extra electric energy to potential energy. Then during the night, it descends to 16.39 km, using the potential energy. Table 1 summarizes the aircraft properties [13] . Figure 1 shows a flowchart of the present optimization procedure for an S-HALE UAV. We use a DAE 31 airfoil for the cross-sectional shape of the wing, due to its outstanding performance at low Reynolds number. We use an aerodynamic-structural combined analysis under a cruise flight condition to predict the internal forces and moments at each wing station. We conduct failure analysis using the maximum strain criteria. We determine detailed cross-sectional configuration parameters considering the structural integrity of the wing. Prior to creating experimental design points, we define the allowable ranges of the design variables in terms of the upper and lower bounds. We choose the taper ratio and span length as the design variables, and use them to adjust and determine the wing planform. A 3k full factorial design method provides enough response points to permit estimations of the response surface coefficients. As a result, we obtain nine experimental points, and conduct an aerodynamicstructural combined analysis at each point. Using the experimental points, we establish a response surface, and determine the optimized design point at which the required power and weight are minimized. Next, we conduct both a flight dynamic stability analysis, and an aeroelastic stability analysis at the optimized design point. If the resulting optimized design point satisfies the stability requirements, the procedure terminates. Otherwise, we repeat the baseline wing cross-sectional design. We perform such an iterative procedure, until all of the results satisfied the required criteria. We explain details about each analysis in the present optimization procedure below. Table 1 . Properties of the object aircraft [13] subsystems, such as payload and equipment subsystems. Therefore, the wing will be the only object to be optimized in the present paper. The structural integrity will be considered as a constraint and the aeroelastic stability analysis of the wing will be conducted with ZAERO software [12] . Finally, a brief investigation of the aircraft flight dynamic stability also will be conducted.
The wing configuration of the Zephyr aircraft was selected as the baseline for the present optimization. This was obtained by optimization based on the energy balancing technique [13] . During the day, this aircraft is required to climb to 23.62 km in order to convert its extra electric energy to potential energy. Then, it descends to 16.39 km using the potential energy during the night. Table 1 summarizes the aircraft properties [13] . 
Aerodynamic Analysis
We use a high-fidelity CFD algorithm based on the threedimensional Euler equation to predict the aerodynamic forces acting on the wing. The three-dimensional Euler equation can be written in the following non-dimensional conservative form, 
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In Eq. (4), K is the correction factor for the pressure drag and the increased local velocity, which is a function of the thickness, chord ratio, and wing sweepback angle; while c f is the skin friction coefficient, which is a function of the Reynolds number. Figure 2 shows the DAE 31 airfoil selected for the crosssectional shape of the wing, because it is well known for its outstanding performance at low Reynolds numbers [16] . In addition, we generate an O-H type volume grid, as shown in Figures 3 and 4 . The number of meshes we create is 121 along the airfoil surface. These consist of 33 along the spanwise direction, and 94 normal to the wing surface.
Structural Analysis
To consider the large deflection of the wing in an S-HALE UAV, we apply a nonlinear beam analysis. We then divide the three-dimensional, geometrically nonlinear elastic problem of the beam element into a two-dimensional cross-sectional analysis, and a one-dimensional beam analysis.
Geometrically Exact Beam Theory
The nonlinear intrinsic beam formulation originally suggested by Hodges [18] was based on a small amount of strain and large deformation with finite rotation. Shang implemented this formulation in the frequency domain [19] . By adopting this formulation, an analysis of a structure that exhibits large deflection with initial curvature and twist becomes possible, without any geometrically simplifying approximations. We obtain the variational formulation, by applying Hamilton's principle: 
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The variations of the kinetic and potential energy terms were formulated with respect to the arguments V B and Ω B , the linear and angular velocity vectors, and with respect to γ and κ, the general strain vectors. The internal force and moment vectors F B and M B and the linear and angular momentum vectors P B and H B were introduced using the equations below:
, , ,
By substituting the above terms into Eq. (3), one obtains
where * denotes the degree of satisfaction of the geometrically exact relationships and where the subscript B
indicates the deformed reference frame. The internal forces and moments could be extracted directly in the present formulation because it is a mixed formulation [19] . Basic linear shape functions were used for its integration.
Accurate predictions can be obtained using the present mixed form.
Cross-Sectional Analysis of the Wing
The present beam formulation was combined with the beam cross-sectional properties, which are expressed in 6 × 6 fully populated mass and stiffness matrices. A separate cross-sectional analysis was adopted to provide these matrices. In the present paper, a variational asymptotic beam section analysis (UM/VABS) [20] was used to analyze the beam cross-sectional configurations in the numerical results. UM/VABS is capable of analyzing a variety of cross-sectional configurations, including closed, open and thin-and thick-walled sections with sufficient accuracy.
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where, * denotes the degree of satisfaction of the geometrically exact relationships, and where the subscript B indicates the deformed reference frame. We can extract the internal forces and moments directly in the present formulation, because it is a mixed formulation [19] . We use basic linear shape functions for its integration, and obtain accurate predictions using the present mixed form.
We combine the present beam formulation with the beam cross-sectional properties, which we express in 6 × 6 fully populated mass and stiffness matrices. We adopt a separate cross-sectional analysis to provide these matrices. In the present paper, we use a variational asymptotic beam section analysis (UM/VABS) [20] to analyze the beam cross-sectional configurations in the numerical results. UM/VABS is capable of analyzing a variety of cross-sectional configurations with sufficient accuracy, including closed, open, and thin-and thick-walled sections.
To conduct a structural integrity analysis of the optimized composite wing cross-section, we develop a threedimensional strain recovery module, as shown in Figure   5 . First, we obtain a strain influence matrix and a stiffness matrix through a UM/VABS. The strain influence matrix is composed of the influence coefficients of the local strain vector with respect to each measured beam deformation. We obtain the local strain vectors upon the reference point of each beam cross-section. Next, using the inverse form of the one-dimensional global beam constitutive relationship, Eq. (8), we obtain the strains and curvatures at a wing section as a function of the internal force and moments.
internal force and moments. 
In Eq. (6) κ and 3 κ are the two bending curvatures. The internal forces and moments at each wing section were predicted by the present aerodynamic analysis. The strains and curvatures obtained at a few wing stations were multiplied by the strain influence matrix for each wing element obtained from the three-dimensional strain recovery [21] . Each component of the strain influence matrix was the strain corresponding to unit classical deformation. In addition, a safety factor of 1.5 was considered. Then, the maximum strain criterion was applied for each component in the resulting strain, and this was compared with the allowable values of the local constituent material in each case.
Optimization
The objective function established in the present optimization procedure is shown in Eq. (9) . The objective function was to minimize the gross weight and the power required when the aircraft was operated at a medium altitude (20 km).
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are the two bending curvatures. We predict the internal forces and moments at each wing section by the present aerodynamic analysis. We multiply the strains and curvatures obtained at a few wing stations by the strain influence matrix for each wing element we obtain from the three-dimensional strain recovery [21] . Each component of the strain influence matrix is the strain corresponding to unit classical deformation. In addition, we consider a safety factor of 1.5. Then, we apply the maximum strain criterion for each component in the resulting strain, and in each case, compare this with the allowable values of the local constituent material.
Eq. (9) shows the objective function we establish in the present optimization procedure. The objective function is to minimize the gross weight and the power required, when the aircraft is operating at a medium altitude (20 km). 
For an aircraft in a level flight condition, the power required could be estimated using Eq. (10) [22] . Here, m η is the motor efficiency and p η is propeller efficiency. In this paper, the motor and propeller efficiencies were assumed to be 0.8 and 0.85, respectively. The cross-sectional analysis provides the mass per unit span. The wing weight was estimated by using the mass per unit span, taper ratio and span. The resulting wing was required to have a sufficient failure margin at the critical loading condition. Failure margin is defined in Eq. (11). material allowable strain -estimated maximum strain Failure margin (%) = 100 material allowable strain ×
The failure margin was evaluated by the aforementioned strain recovery analysis. At a low altitude (16.39 km), the internal forces and moments at each wing station were predicted by the proposed approach under a maximum cruise flight condition at a Mach number of 0.1. It was expected that cruising at a low altitude was one of the critical flight conditions for a S-HALE UAV.
The design variables used in the present optimization procedure were taper ratio and spanwise length of the wing.
(9)
For an aircraft in a level flight condition, we can estimate the power required using Eq. (10) [22] . 
For an aircraft in a level flight condition, the power required could be estimated using Eq. (10) [22] . Here, m η is the motor efficiency and p η is propeller efficiency. In this paper, the motor and propeller efficiencies were assumed to be 0.8 and 0.85, respectively. The cross-sectional analysis provides the mass per unit span. The wing weight was estimated by using the mass per unit span, taper ratio and span. The resulting wing was required to have a sufficient failure margin at the critical loading condition. Failure margin is defined in Eq. (11) . material allowable strain -estimated maximum strain Failure margin (%) = 100 material allowable strain ×
The failure margin was evaluated by the aforementioned strain recovery analysis. At a low altitude (16.39 km), the internal forces and moments at each wing station were predicted by the proposed approach under a maximum The failure margin was evaluated by the aforementioned strain recovery analysis. A the internal forces and moments at each wing station were predicted by the proposed is the propeller efficiency. In this paper, we assume the motor and propeller efficiencies to be 0.8 and 0.85, respectively. The crosssectional analysis provides the mass per unit span. We estimate the wing weight by using the mass per unit span, 
In Eq. (6) taper ratio, and span. We require the resulting wing to have a sufficient failure margin at the critical loading condition. We define the failure margin in Eq. (11).
subject to: failure margin at low operating altitude 50 % 0.5 taper ratio 1.0, 10.152 span 12.408
For an aircraft in a level flight condition, the power required could be estimated using Eq. (10) [22] .
Here, m η is the motor efficiency and p η is propeller efficiency. In this paper, the motor and propeller efficiencies were assumed to be 0.8 and 0.85, respectively. The cross-sectional analysis provides the mass per unit span. The wing weight was estimated by using the mass per unit span, taper ratio and span. The resulting wing was required to have a sufficient failure margin at the critical loading condition. Failure margin is defined in Eq. (11) . material allowable strain -estimated maximum strain Failure margin (%) = 100 material allowable strain × (11)
The lower bounds were determined by the required wing area to produce enough lift for continuous flight. Taper was applied between 50 and 100 % in the span.
Jump (JMP) [23] , a separate design optimization software package, was used to build an approximate model based on the response surface method (RSM). The aforementioned aerodynamic-structural combined analysis required a significantly large computational time. In order to reduce the computational time for an optimized solution, RSM was adopted. Once the response surface was established using an experimental technique, a relatively short computational time would be required.
Typically, the response surfaces were obtained as polynomials whose orders were identical to the number of the design variables selected. In this paper, a second-order polynomial surface was constructed, as described in Eq. (12).
(11)
We evaluate the failure margin by the aforementioned strain recovery analysis. At a low altitude (16.39 km), we predict the internal forces and moments at each wing station by the proposed approach under a maximum cruise flight condition at a Mach number of 0.1. We expect that cruising at low altitude is one of the critical flight conditions for an S-HALE UAV.
The design variables we use in the present optimization procedure are the taper ratio and spanwise length of the wing. We determine the lower bounds by the required wing area to produce enough lift for continuous flight. We apply taper between 50 and 100 % in the span.
We use Jump (JMP) [23] , a separate design optimization software package, to build an approximate model, based on the response surface method (RSM). The aforementioned aerodynamic-structural combined analysis requires a significantly large computational time. In order to reduce the computational time for an optimized solution, we adopt RSM. Once we establish the response surface using an experimental technique, we require a relatively short computational time.
Typically, the response surfaces are obtained as polynomials whose orders are identical to the number of the design variables selected. In this paper, we construct a second-order polynomial surface, as Eq. (12) etic algorithm included in the MATLAB Global Optimization Toolbox [24] was used. A genetic algorithm, e global optimization method, is a stochastic search technique that imitates the natural evolution process.
ence to an objective function would generally become less sensitive when a global optimization process is
dynamic-Structural Combined Analysis
interaction between the aerodynamic load and the structural deflection was utilized in this paper. The mic load caused structural deformation, and the structural deformation affected the aerodynamic load. Thus, interaction between the displacement of the deflected wing and the geometry of the aerodynamic grid a required procedure. In this procedure, it was assumed that the geometry of the airfoil would remain ed during the structural deflection, as the major deflection of the wing was caused by its own bending .
rocedure of the aerodynamic-structural combined analysis is shown in Figure 6 . The aerodynamic analysis (12) Here, A 0 , A i and A ij are the regression coefficients; and n is the number of the design variables selected. We evaluate the fitness of the established approximate model by investigating R squared, which is the coefficient of determination.
We use a genetic algorithm included in the MATLAB Global Optimization Toolbox [24] . A genetic algorithm, one of the global optimization methods, is a stochastic search technique that imitates the natural evolution process. When a global optimization process is selected, convergence to an objective function generally becomes less sensitive.
Aerodynamic-Structural Combined Analysis
This paper utilizes direct interaction between the aerodynamic load and the structural deflection. The aerodynamic load causes structural deformation, and the structural deformation affects the aerodynamic load.
Thus, the close interaction between the displacement of the deflected wing and the geometry of the aerodynamic grid becomes a required procedure. In this procedure, we assume that the geometry of the airfoil remains unchanged during the structural deflection, as the major deflection of the wing is caused by its own bending behavior. Figure 6 shows the procedure of the aerodynamicstructural combined analysis. We conduct the aerodynamic analysis using the initially undeformed wing structure. As a result, we obtain the aerodynamic loads, and transfer them to each structural node. Next, we conduct a structural analysis under the relevant load condition. We transfer the translation and rotational angles of the cross-section as predicted by the structural analysis to an aerodynamic analysis. We displace the surface grid, while maintaining each shape of the wing cross-section. Aerodynamic grids cover the deflected shape of the wing, and we regenerate these to compute the aerodynamic loads. To achieve the converged wing deflection, we repeat the previous steps.
The details pertaining to the aerodynamic-structural combined analysis are in the literature [25] . We conduct the aerodynamic-structural analysis using a simple isotropic beam model with the present aerodynamic analysis, for an operating altitude of 15 km, and flight speed of Mach number 0.3. As a result, when the interaction is considered, the lift capability of the present rectangular wing decreases The details pertaining to the aerodynamic-structural combined analysis were in the literature [25] . Using a simp isotropic beam model with the present aerodynamic analysis, the aerodynamic-structural analysis was conducte
The operating altitude was 15 km and the flight speed was Mach number 0.3. As a result, when the interaction w 
Flight Dynamic Stability Analysis
We separate the aircraft into its individual components, i.e., the wing, fuselage, and tail, to determine its static stability. We sum the contribution of each component, in order to estimate the stability derivative coefficients, as shown in Eq. (13) [26] .
e aircraft was separated into its individual components, i.e., the wing, fuselage, and tail, to determine its static lity. The contribution of each component was summed in order to estimate the stability derivative coefficients, own in Eq. (13) [26] .
(1 )
these equations, n k is the empirical wing-body interference factor and Rl k is an empirical correction factor s a function of the fuselage Reynolds number. The variation of the stability derivative coefficients between the ine wing and the optimized wing were then investigated.
eroelastic Stability Analysis
aeroelastic stability analysis of the optimized wing was conducted using ZAERO software [12] , which is on the doublet lattice method. In order to obtain the mode shapes and natural frequencies of the optimized , the aforementioned three-dimensional, geometrically nonlinear beam analysis was used. Within ZAERO, the ady aerodynamics was estimated based upon the structural mode shapes. In more detail, two-dimensional panel ynamics was applied to the corresponding beam model. The S-HALE UAV performs its mission at a high de. Therefore, the flutter speed variation with respect to the altitude needed to be investigated. The flutter speed e present optimized wing was estimated using the g-method provided in ZAERO. The detailed formulation of -method is available in the literature [12] .
Numerical Results reliminary Cross-Sectional Design of the Baseline Wing
e cross-sectional design parameters of the baseline wing were determined by maintaining the failure margin at than 50 % at all spanwise stations. The cross-section design result is illustrated in Figure 7 . T300/5208
ite-epoxy was used for the spars and Mylar polyester film was used for the skin. The forward spar was located 22c and its rear counterpart was at 0.32c. The ply orientation angles of the spar were [0/45/-45/0] s . The ply tation angles of the spar caps were identical to those of the spars. A symmetric ply stack sequence was used for (13) In these equations, k n is the empirical wing-body interference factor, and k Rl is an empirical correction factor that is a function of the fuselage Reynolds number. We then investigate the variation of the stability derivative coefficients between the baseline wing and the optimized wing.
Aeroelastic Stability Analysis
We conduct an aeroelastic stability analysis of the optimized wing using ZAERO software [12] , which is based on the doublet lattice method. In order to obtain the mode shapes and natural frequencies of the optimized wing, we use the aforementioned three-dimensional, geometrically nonlinear beam analysis. Within ZAERO, we estimate the unsteady aerodynamics, based upon the structural mode shapes. In more detail, we apply two-dimensional panel aerodynamics to the corresponding beam model. The S-HALE UAV performs its mission at high altitude. Therefore, we need to investigate the flutter speed variation with respect to the altitude. We estimate the flutter speed of the present optimized wing using the g-method provided in ZAERO. The detailed formulation of the g-method is available in the literature [12] .
Numerical Results

Preliminary Cross-Sectional Design of the Baseline Wing
We determine the cross-sectional design parameters of the baseline wing by maintaining the failure margin at more than 50 % at all spanwise stations. Figure 7 illustrates the crosssection design result. We use T300/5208 graphite-epoxy for the spars, and Mylar polyester film for the skin. We locate the forward spar at 0.22c, and its rear counterpart at 0.32c. The ply orientation angles of the spar are [0/45/-45/0] s . The ply orientation angles of the spar caps are identical to those of the spars. We use a symmetric ply stack sequence for the spar caps and the spars. The ply orientation angle of the skin is 0°. We adjust the numbers of plies for the spar and spar caps to maintain the structural failure requirement. By conducting a strain recovery analysis, we find that the maximum strain occurs at the wing root section, and the failure margin is 52.7 %.
In this paper, we do not include cross-sectional design variables in the design variables, due to the ensuing high computational cost when doing so. However, we plan to develop a separate design optimization procedure by including those design variables. If we consider the detailed cross-sectional design variables in the optimization, the objective function will be highly nonlinear. In such a case, we will use the Kriging model, as it is appropriate for approximate highly nonlinear functions.
Optimization
Using the determined baseline wing structure, we conduct the aerodynamics-structural combined analysis at nine experimental points, and construct response surfaces. We construct the second-order response surface for the objective function, as shown in Eq. (14) .
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In this paper, cross-sectional design variables were not included in the design variables due to the ensuing high computational cost when doing so. However, it was planned that a separate design optimization procedure would be developed by including those design variables. If the detailed cross-sectional design variables were to be considered in the optimization, the objective function would be highly nonlinear. In such a case, the Kriging model would be used, as it is appropriate for approximate highly nonlinear functions. 
Using the determined baseline wing structure, the aerodynamics-structural combined analysis was conducted at nine experimental points and response surfaces were constructed. The second-order response surface for the objective function was constructed as shown in Eq. (10). 
In addition to the objective function, the response surfaces for the wing weight, required power, and failure margin were constructed. To investigate the appropriateness of the present response surface model, a regression analysis was conducted. These results are shown in Table 2 . The coefficients of determination for the wing weight,
In addition to the objective function, we construct the response surfaces for the wing weight, required power, and failure margin. To investigate the appropriateness of the present response surface model, we conduct a regression analysis, Table 2 shows these results. The coefficients of determination for the wing weight, the required power, and the objective function are larger than 0.99; these are indicated by the letter 'a' in Table 3 . This guarantees the reliable prediction capability of the present response surface. However, the coefficient of determination for the failure margin, indicated by the letter 'b' in Table 3 , is smaller the spar caps and the spars. The ply orientation angle of the skin was 0°. The numbers of plies for the spar and spar caps were adjusted to maintain the structural failure requirement. By conducting a strain recovery analysis, the maximum strain was found to occur at the wing root section, and the failure margin was 52.7 %.
Using the determined baseline wing structure, the aerodynamics-structural combined analysis was conducted at nine experimental points and response surfaces were constructed. The second-order response surface for the objective function was constructed as shown in Eq. (10). 2 2 (taper, span) 1.8344 0.1163taper+0.0705span 0.0509taper 0.0092taper span 0.0072span
In addition to the objective function, the response surfaces for the wing weight, required power, and failure margin were constructed. To investigate the appropriateness of the present response surface model, a regression analysis was conducted. These results are shown in Table 2 . The coefficients of determination for the wing weight, Fig. 7 . Cross s ectional configuration of the present UAV wing http://ijass.org than 0.99, due to the fact that the spanwise location of the element is the point where the resulting maximum strain will change as the taper ratio and span length vary. Therefore, we determine that a failure analysis of the optimized wing is necessary, to verify its structural integrity. Figure 8 shows the variation of the response surfaces with respect to the taper ratio and span length. As the taper ratio and span length decrease, the objective function also decreases. The wing weight shows a trend similar to that of the objective function. In contrast, a wing with a longer span has an advantage with regard to the required power. For a constant failure margin, we show that in terms of the structural integrity, a lower span and less tapered wings are favorable.
In order to obtain the optimized values of the weighting factors, pre-defined in Eq. (7) as variables for the present optimization are summarized in Table 3 . When 1 w was larger than 0.4, the resulted values , we construct a Pareto front for the present objective function. Table 3 summarizes the present values of the objective function and design variables for the present optimization. When In order to obtain the optimized values of the weighting factors, pre-defined in Eq. (7) as front for the present objective function was constructed. The present values of the objective f variables for the present optimization are summarized in Table 3 . When 1 w was larger than 0.4, is larger than 0.4, we maintain the resulting values of the objective function and design variables. Therefore, we divide the weightings equally to both objective functions as 0.5. Table 4 summarizes the optimized values of the design variables, and Figure 9 illustrates the optimized configuration. The taper ratio of the optimized wing is 0.5, and its span length is 10.152. Using the optimized design variables, we reduce the wing weight by approximately 25.3 %, compared to that in the baseline condition, as Table   Table 2 . Results of the present regression analysis e required power, and the objective function were larger than 0.99; these are indicated by the letter 'a' in Table 3. his guarantees the reliable prediction capability of the present response surface. However, the coefficient of etermination for the failure margin, indicated by the letter 'b' in Table 3 , was smaller than 0.99 due to the fact that e spanwise location of the element was the point where the resulting maximum strain would be changed as the per ratio and span length varied. Therefore, it was determined that a failure analysis of the optimized wing was ecessary to verify its structural integrity. Figure 8 shows the variation of the response surfaces with respect to the taper ratio and span length. As the taper tio and span length decrease, the objective function also decreases. The wing weight showed a trend similar to that f the objective function. In contrast, a wing with a longer span had an advantage with regard to the required power.
or a constant failure margin, it was shown that a lower span and less tapered wings were favorable in terms of the tructural integrity. shows. In addition, we decrease the required power by approximately 3.4 %. However, this increases the failure margin by approximately 5.1 %. As mentioned previously, a failure analysis is necessary in the optimized wing to verify its structural integrity. But it is not necessary in this case, because the optimized design point is one of the nine experimental points. In this paper, we determine the airfoil shapes prior to the optimization task. In addition to the planform design optimization process, we can conduct airfoil geometry optimization to improve the aerodynamic performance of the aircraft. Table 6 illustrates the C mα and C mβ values used for the baseline, and in the optimized configuration. Given that the wing contribution to directional stability is quite small, Table 3 . The resulted values of the objective function and design variables for the present optimization of the objective function and design variables were maintained. Therefore, the weightings were equally divided to both objective functions as 0.5. The optimized values of the design variables are summarized in Table 4 , and the optimized configuration is illustrated in Figure 9 . The taper ratio of the optimized wing was 0.5 and its span length was 10.152. Using the optimized design variables, the wing weight was reduced by approximately 25.3 % compared to that in the baseline condition as shown in Table 5 . In addition, the required power was also decreased by approximately 3.4 %.
Flight Dynamic Stability Analysis
However, the failure margin was increased by approximately 5.1 %. As mentioned previously, a failure analysis was necessary in the optimized wing to verify its structural integrity. However, it was not necessary in this case because the optimized design point was one of the nine experimental points. In this paper, the airfoil shapes were determined prior to the optimization task. In addition to the planform design optimization process, airfoil geometry optimization to improve the aerodynamic performance of the aircraft can be done. values used for the baseline and in the optimized configuration. Given that the wing contribution to directional stability is quite small in comparison to that of the tail, the coefficients are zero. To Table 5 . Results of the wing weight and power required in both the baseline and optimized configurations In this paper, the airfoil shapes were determined prior to the optimization task. In addition to the planform design optimization process, airfoil geometry optimization to improve the aerodynamic performance of the aircraft can be done. this paper, the airfoil shapes were determined prior to the optimization task. In addition to the planform design ization process, airfoil geometry optimization to improve the aerodynamic performance of the aircraft can be . in comparison to that of the tail, the coefficients are zero. To ensure longitudinal static stability, the aircraft must have a negative value of C mα . Also, the yawing moment coefficient versus the sideslip angle beta for the aircraft must be positive for static directional stability. According to the table, we expect that the optimized configuration will have better static longitudinal and directional stability characteristics than both of the baseline aircraft.
Aeroelastic Stability Analysis
We conduct an aeroelastic stability analysis of the optimized wing with ZAERO software, and investigate the flutter speed variation with respect to the altitude. Table 7 shows this result. Single-bending-degree-of-freedom flutter takes place, rather than the traditional bending-torsion flutter. This occurs regardless of the altitude, and the flutter speed increases with respect to the altitude. However, flutter does not occur under the maximum operating condition at Mach number 0.1 (34 m/s). The predicted flutter margin at ground level is approximately 102 %. Therefore, we confirm that the optimized wing has sufficient flutter stability. Moreover, the optimized wing shows increased torsional rigidity, as a 45° ply orientation angle is used for the spars and spar caps, as shown in Figure 7 . Thus, we expect that the traditional bending-torsion flutter will not occur. We conduct an additional flutter analysis with a different wing, using ply orientation angles of only 0 and 90°, in an effort to investigate the possibility of traditional bending-torsion flutter. As a result, bending-torsion flutter occurs when the aircraft flies at an altitude of 16.39 km or higher, as shown in Table 8 .
Conclusions
In this paper, we develop a wing planform design optimization procedure for an S-HALE UAV, using both high-fidelity aerodynamic and structural analyses. We use the three-dimensional Euler equation to analyze the wing aerodynamics, and use an advanced structural modeling approach based on a geometrically exact one-dimensional Table 6 . Flight dynamic stability characteristics of both the baseline and optimized configurations 
Aeroelastic Stability Analysis
An aeroelastic stability analysis of the optimized wing was conducted with ZAERO software. The flutter speed variation with respect to the altitude was investigated. This result is shown in Table 7 . Single-bending-degree-offreedom flutter took place rather than the traditional bending-torsion flutter. This occurred regardless of the altitude, and the flutter speed was increased with respect to the altitude. However, flutter did not occur under the maximum operating condition at Mach number 0.1 (34 m/s). The predicted flutter margin at ground level was approximately 102 %. Therefore, it was confirmed that the optimized wing had sufficient flutter stability. Moreover, the optimized wing showed increased torsional rigidity as a 45° ply orientation angle was used for the spars and spar caps, as shown in Figure 7 . Thus, it was expected that traditional bending-torsion flutter would not occur. An additional flutter analysis was conducted with a different wing, which had ply orientation angles of only using 0 and 90 ° in an effort to investigate the possibility of traditional bending-torsion flutter. As a result, bending-torsion flutter occurred when the aircraft flew at an altitude of 16.39 km or higher, as shown in Table 8 . 
Conclusions
A wing planform design optimization procedure for a S-HALE UAV was developed using both high-fidelity aerodynamic and structural analyses in this paper. The three-dimensional Euler equation was used to analyze the beam analysis for a flexible high-aspect-ratio wing. We determine detailed configuration parameters considering the structural integrity of the wing. Next, we conduct multiobjective optimization based on the response surface method, using the obtained baseline wing. We consider the structural integrity as one of the constraints. As a result, we reduce the wing weight by approximately 25.3 %, compared to that in the baseline configuration; and also decrease the required power by approximately 3.4 %. We assess the aeroelastic stability analysis of the optimized wing with ZAERO software, and conduct a brief investigation of the aircraft flight stability. Single-bending-degree-of-freedom flutter occurs at a much higher speed than the maximum operating condition of the baseline aircraft. We confirm that the optimized wing has sufficient flutter margin and improved static longitudinal/directional stability characteristics, as compared to the baseline configuration.
In the future, we will consider additional design variables related to the airfoil geometry and detailed cross-sectional design variables for a composite wing in the present design optimization procedure. If we consider the detailed crosssectional design variables in the optimization scheme, the objective function will be highly nonlinear. In such a case, we will use the Kriging model, as it is suitable for approximating highly nonlinear functions. By considering additional design variables, we expect to obtain further improvements of the aerodynamic performance, and a reduction in the weight.
